Abstract
Introduction
Nowadays fuzzy control is an effective tool for controlling many industrial systems and devices due to its high performance in controlling real-world systems. Many manufacturers use this method to enhance the performance of their products and also increase the satisfaction of their customers. In specific areas such as power systems, fuzzy controllers have greater role in empowering the systems. DC-DC converters are a good example of being well controlled by such controllers.
Controlling DC-DC converters is a challenging issue which absorbed researchers' attentions. There is a great deal of surveys in literature concerning this issue [1] [2] [3] [4] . DC-DC converters have been successfully controlled for many years using analogue integrated circuit technology and linear system design techniques. In addition, PID controllers were applied to DC-DC converter. It is used in the wide variety of control systems due to its simple structure and robust performance. However, the inherently nonlinear characteristics of DC-DC converters have drawn greater attention in recent years [5, 6] .
In this paper a DC-DC buck converter is controlled using a fuzzy Mamdani controller trained by a recursive least square (RLS) algorithm. For this purpose, the state-space model of a conventional converter is considered. In addition, we assume that a conventional control method is also utilized to maintain the output voltage on a desired value. Then, we add a fuzzy control input to the system to improve the voltage profile. The parameters of the fuzzy system are tuned using a RLS algorithm to minimize the error between the desired and real value of output voltage. We show the effectiveness of the method using simulation results in each stage. RLS is a novel and effective strategy for improving the appropriate characteristics of a system. This method works by updating error between the real and desired output values. At the end, it is showed that by using this novel method applicability and accuracy of the DC-DC converters are improved.
Rest of the paper is summarized as follows: Section 2 describes the functionality of DC-DC converters. In Section 3, classical method of control for DC-DC converters are presented. RLS method is explained in Section 4. In Section 5, the DC-DC converter is simulated by the proposed fuzzy control. Finally, this paper is concluded in Section 6.
DC-DC Buck Converter
Converters are used to change the voltage level of a system. They play important role in all fields of power system, from generation to the end customers. HVDC systems are good examples of using DC-DC converters.
There are three types of DC-DC converters: Boost, Buck and Buck-Boost. First type increases the output voltage while the second one decreases it and the third one is a combination of them. All of them diminish the ripple of output voltage and they are designed to eliminate the output voltage fluctuations [8] [9] [10] . Fig.1 shows the schematic of such converters. [7] We assume that the capacitor is modelled as an ideal capacitor in series with an ideal resistor with resistance R c . The resistance R c is called the Equivalent Series Resistance (ESR) of the capacitor. Fig.2 shows the circuit of the buck converter where the ESR of the capacitor is included. Steady state is reached and, therefore, the control signal, consists of pulses with constant width. The time intervals where the control signal is high are called ton and the once where is low are called t off .
The switching period, T s , is the time between two successive positive flanks of and hence equal to the sum of ton and t off . The ratio of ton to T s is called the duty cycle or the duty ratio and it is denoted by d(t). The duty cycle is constant in steady state and equal to D (the dc value of d(t)). During ton the transistor operates in the on state and during t off the transistor operates in the off state. The voltage across the diode, v diode (t), is equal to the input voltage, vg(t) , during ton and equal to zero during t off . The input voltage is held constant at Vg during the simulation. The diode voltage is filtered by the L-C low-pass output filter. The corner frequency of this filter is chosen to be much lower than the switching frequency to obtain small magnitude of the ripple in the output voltage, v o (t) . Consequently, the output voltage is approximately equal to the mean value of the diode voltage and lower than vg (t) .
The voltage across the inductor, v L (t), is equal to the difference between v diode (t) and v o (t). During each time interval, the slope of i L (t) is almost constant since v L (t) is almost constant. The inductor current is equal to the transistor current, i trans (t), during ton and equal to the diode current, i diode (t), during t off . The capacitor current, i cap (t), is equal to the difference between i L (t) and the load current, i load (t). The mean value of i cap (t) is zero in steady state. The magnitude of the ripple in v o (t) is larger than the magnitude of the ripple in the voltage across the (ideal) capacitor, v(t), due to the capacitor's ESR [7] .
Classical control of a DC-DC buck converter
In this section, the method of state-space averaging is explained. The converter can be described as switching between different time-invariant systems and is subsequently a time-variant system. The state-space descriptions of the different time-invariant systems are used as a starting point in the method of state-space averaging. Consider the buck converter during ton as shown in Fig.3 While the transistor is on, the voltage across the diode is equal to the input voltage. In Fig.3 , a current source is added. It injects the current i inj (t) into the output stage of the converter. This current is an input signal and is needed to determine the output impedance. While the transistor is off, the voltage across the diode is equal to zero and the circuit in Fig.4 can be used as a model [7] .
Assume that the state-space descriptions of the circuits in Fig.3 and Fig.4 
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Respectively, where Figure 3 . The circuit of the buck converter during t on [7] Figure 4. The circuit of the buck converter during t off [7] Equations (1) to (4) are two different linear time-invariant systems. In state-space averaging, these two systems are first averaged with respect to their duration in the switching period:
Equations (8) and (9) are the approximation of the time-variant system. The duty cycle, d(t), is an additional input signal in (8) and (9) . A new input vector is therefore defined:
This is not made in traditional presentations of state-space averaging, where the control signal d(t) is kept separate from the disturbance signals vg(t) and i inj (t) . However, in system theory, all control signals and disturbance signals are put in an input vector. Since the duty cycle can be considered to be a discrete-time signal with sampling interval Ts, one cannot expect the system in (8) and (9) to be valid for frequencies higher than half the switching frequency. The second step in state-space averaging is linearization of the nonlinear time-invariant system in (8) and (9) . The deviations from an operating point are defined as follows:
Capital letters denote the operating-point (dc, steady-state) values and the hat-symbol (^) denotes perturbation (ac) signals. The result of the linearization is a linearized (ac small-signal) system:
Besides the ac model (14) and (15), a dc model can be obtained from (8) and (9) by setting xˆ(t), uˆ'(t), yˆ(t) , and dx(t)/dt to zero [7] .
In this paper we assume that the parameters of the system are chosen according Table I . The input voltage is 11 volt and the desired output voltage is 7.5 volt. The controller block uses a pulse width modulation (PWM) to make use of a saw-tooth signal. The period of the signal is equal to Ts, i.e. the switching period. In addition a relay block is used in the controller block to generate a reset signal that is either 0 or 1. Also, a pulse generator sets the SR-latch. The set signal is synchronized with the saw-tooth signal so that the SR-latch is set each time the saw-tooth signal goes from 1 to 0. The output signal of the SR-latch, delta, is a pulse train and the width of each pulse is determined by the duty cycle signal d [7] .
Running the simulation, input and output signals are as follows in Fig.6 to Fig.10 . 
Recursive least square algorithm
This algorithm works in a way that the following equation is minimized:
where is the j-th measured output voltage, is the desired value of output voltage, and f(.) can be considered as a fuzzy system function. J p is the error function that should be minimized through the least square method. This method is explained by equations (17), (18) and (19) as below:
where θ is the fuzzy parameter to be adjusted using RLS algorithm, b is a constant vector which is derived based on the fuzzy system structure and membership functions, and P and K are the matrices defined in the RLS algorithm. Now, we implement a fuzzy control in which the control parameters are adjusted using a RLS algorithm [11] .
Fuzzy control of DC-DC Buck converter using recursive least square algorithm
We use a fuzzy Mamdani system as a controller to preserve the voltage output of the converter on a desired value. We also summon the equations of RLS algorithm in a block for updating the parameters of the fuzzy controller. Fig.11 shows the proposed control scheme. Simulations show that the results differ from the classic control. Error value will be 0.2828. Using the fuzzy controller, the output voltage becomes 7.45 volt as shown in Fig.12 , while it was 7.9 volt when the system was controlled using classical control (Fig.8) . Thus, the proposed fuzzy control makes the output voltage too much closer to its desirable value, i.e., 7.5 volt. Efficiency of this method is not just in improving the desirable output voltage but also it can diminish the ripple of output voltage and fixes its level as shown in Fig.12 . 
Conclusion
In this paper output voltage of a DC-DC Buck converter has been controlled using a fuzzy controller trained by a recursive least square algorithm. The method addresses the fuzzy control design method in which the error between the output and the desired value is minimized using a RLS algorithm. This procedure leads to the desirable output comparing with the classical method.
As illustrated in the Figs, by applying this method output voltage and operational parameters of the proposed converter have been improved. Results show that performance of proposed converter has been enhanced because the output voltage is closer to the desirable value using fuzzy control and the ripple of output voltage has been decreased.
